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CP24 is a minor antenna complex of Photosystem II, which is
specificforlandplants.Ithasbeenproposedthatthiscomplexis
involved in the process of excess energy dissipation, which pro-
tects plants from photodamage in high light conditions. Here,
wehaveinvestigatedthefunctionalarchitectureofthecomplex,
integrating mutation analysis with time-resolved spectroscopy.
Acomprehensivepictureisobtainedaboutthenature,thespec-
troscopicproperties,andtheroleinthequenchinginsolutionof
the pigments in the individual binding sites. The lowest energy
absorption band in the chlorophyll a region corresponds to
chlorophylls611/612,anditisnotthesiteofquenchinginCP24.
Chlorophylls 613 and 614, which are present in the major light-
harvesting complex of Photosystem appear to be absent in
CP24. In contrast to all other light-harvesting complexes, CP24
is stable when the L1 carotenoid binding site is empty and upon
mutationsinthethirdhelix,whereasmutationsinthefirsthelix
stronglyaffectthefolding/stabilityofthepigment-proteincom-
plex.TheabsenceofluteininL1sitedoesnothaveanyeffecton
the quenching, whereas substitution of violaxanthin in the L2
site with lutein or zeaxanthin results in a complex with
enhanced quenched fluorescence. Triplet-minus-singlet meas-
urements indicate that zeaxanthin and lutein in site L2 are
located closer to chlorophylls than violaxanthin, thus suggest-
ingthattheycanactasdirectquenchersviaastronginteraction
with a neighboring chlorophyll. The results provide the molec-
ular basis for the zeaxanthin-dependent quenching in isolated
CP24.
Under limiting light conditions, plants need to harvest all of
the available light to drive the photosynthetic process. To this
aim,theyareprovidedwithalargeantennasystemcomposedof
members of the Lhc
2 (light-harvesting complex) family (1),
which coordinate chlorophylls (Chls) and carotenoids and
increasetheabsorptioncross-sectionofthesystem.Underhigh
light conditions, the amount of photons harvested by the pho-
tosynthetic complexes exceeds the need of the chloroplast, and
to avoid major damage (2), the excess energy is dissipated as
heat in a process called nonphotochemical quenching (NPQ)
(3, 4). Although the molecular mechanism of this process has
not been fully clarified yet, it is clear that Lhcb proteins are
involved(5–8).Thesecomplexeshavethusadoubleandoppo-
site role of harvesting light under low light conditions and of
dissipatingtheexcessenergyinhighlight.SixChl-bindingpro-
teins compose the antenna system of Photosystem II (PSII) of
higher plants. The main complex, LHCII, which is the product
of Lhcb1–3 genes (9), is present in trimeric form in the mem-
brane. The trimers are located at the periphery of the PSII
supercomplex and are connected to the core (which contains
the reaction center, where the charge separation occurs) via
three other Lhcb members, the so called minor antenna com-
plexes, the products of the genes Lhcb4 (also called CP29),
Lhcb5(CP26),andLhcb6(CP24)(10).Theseproteinsarepres-
ent as monomers in the membrane (11).
Only the structure of LHCII has been obtained at nearly
atomicresolution(12,13),showingthepresenceofthreetrans-
membrane helices, four carotenoids, and 14 Chl molecules per
monomericsubunit.Sequencecomparisonsuggestsaverysim-
ilar folding for the other members of the family (1), although
biochemical data indicate that the minor antenna complexes
bind a smaller number of pigments (14).
CP24 is with Lhcb3 the most recent member of the Lhc fam-
ily,andithasevolvedafterthesplittingbetweenlandplantsand
algae (15). It is also smaller than the other antenna complexes,
lacking the amphipathic helix at the C-terminal domain and
havingashorterluminalloop(seeFig.1).Atpresent,littleinfor-
mation is available about this protein because of difficulties in
purifying it in its native state (14, 16, 17). This complex was
obtained by in vitro reconstitution showing that it coordinates
10 Chl molecules and two xanthophylls (18, 19). The recombi-
nant complex was shown to have properties identical to those
of the native one (18).
The analysis of the CP24 knock-out mutant of Arabidopsis
thaliana has indicated that the absence of this protein strongly
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Supplemental Material can be found at:influences the packing of PSII in the membrane and thus the
efficiency of photosynthesis (20, 21). Moreover, plants lacking
CP24 are strongly affected in their photoprotection efficiency.
Indeed, among all mutants lacking individual Lhcb subunits,
CP24ko and CP26/CP24ko double mutant (which has restored
photosynthetic efficiency) are the ones showing the strongest
effect on the kinetics of NPQ, suggesting that CP24 is a site of
zeaxanthin-dependent quenching (21). Recently, it has been
proposed that CP24, together with the other minor antenna
complexes, is the site of formation of a zeaxanthin radical cat-
ion, and thus it is directly involved in NPQ (22, 23). It was also
shown that during NPQ a complex consisting of CP29, CP24,
and an LHCII trimer dissociates from the Photosystem II
supercomplex (24). It was proposed that this dissociation
allows PsbS, one of the major players in NPQ (25), to interact
directly with CP29 and CP24, switching them to the dissipative
conformation. Interestingly, green algae, which lack CP24 (26),
have evolved different mechanisms of NPQ (27–29), thus sug-
gestingacorrelationbetweenthepresenceofCP24(andLhcb3)
and the development of NPQ in land plants.
In this work we have analyzed in detail the properties of the
individual chromophores associated with CP24 with particular
attention to their role in light harvesting and photoprotection.
The data indicate that CP24 differs from the other members of
the Lhc family, supporting the hypothesis of a different role for
this subunit.
EXPERIMENTAL PROCEDURES
DNA Cloning, Mutagenesis, Recombinant Protein Overex-
pression,andPigment-ProteinComplexReconstitution—Lhcb6
(AT1G15820)maturesequencefromA.thalianawasamplified
from cDNA by PCR and cloned in a modified pET-28a ()
carrying a minimum polylinker. Mutant sequences were
obtained by site-directed mutagenesis of the codons for Chl-
coordinatingresiduestoapolarresidueswithsimilarsterichin-
drance: E188V for the Chl 610 binding site, H191F for Chl 612,
E205VforChl613,E62VforChl602,H65FforChl603,Q109L
for Chl 606, and E117V for Chl 609. In the case of Chl 610 and
602, whose ligands form ion pairs with two arginines, also the
doublemutantswereobtained(E188V/R67LandE62V/R193L,
respectively); because the second mutation reduced the stabil-
ity of the complex, the analysis has been done on the single
mutants. Wild type (WT) and mutant apoproteins were over-
expressed in Rosetta2(DH3) strain of Escherichia coli and puri-
fied as inclusion bodies. Reconstitution of pigment-protein
complexes was performed as described in reference 30 using a
mix of purified pigments with a Chl a/b ratio of 2.9 and Chl/
carotenoid ratio of 2.7; in the case of the WT and Chl-binding
mutants,atotalcarotenoidextractfromspinachthylakoidswas
used, whereas in the case of the carotenoid mutants only lutein
(CP24-L)oramixofluteinandzeaxanthininaratio1:1(CP24-
LZ) were used. The purification of the refolded complex from
theunfoldedproteinandtheexcessofpigmentswasperformed
as described previously (30) in three steps at 4 °C: (i) sucrose
gradient ultracentrifugation (20 h at 41,000 rpm in a SW41
rotor,288,000g);(ii)anionicexchangechromatography;and
(iii) a second sucrose gradient, which also allowed us to check
the monomeric aggregation state of the refolded protein. After
thefirstgradient,unspecificallyboundpigmentsandremaining
unfoldedproteinwerealmostcompletelyeliminatedbyanionic
exchange chromatography; the column (packed with EMD-
DEAE 650 (S) Fractogel) was equilibrated with 50 mM Tris, pH
7.6,0.025%-DDM,andtheproteincomplexwaselutedwitha
linear gradient of 500 mM NaCl, 50 mM Tris, pH 7.6, 0.025%
-DDM. The run was followed by measuring the absorption at
280 and 675 nm and the conductivity (supplemental Fig. S1 for
more details).
Steady-state Spectroscopy and Pigment Analysis—Room
temperatureand77Kabsorptionspectrawererecordedusinga
Cary4000(Varian,Inc.)spectrophotometerataChlconcentra-
tion of about 6 g/ml in 10 mM HEPES, pH 7.5, 0.5 M sucrose,
and 0.03–0.06% -DDM (70% glycerol for the 77 K measure-
ments). Fluorescence emission spectra were measured using a
Fluorolog (Jobin Yvon) spectrofluorometer and corrected for
theinstrumentresponse.SamplesweredilutedataChlconcen-
tration of 0.1 g/ml in 10 mM HEPES, pH 7.5, and 0.02%
-DDM,thebandwidthswere5nminexcitationand2.5nmin
emission. The CD spectra were recorded on a AVIV 62ADS
spectropolarimeterat10 °C;thesampleswereinthesamesolu-
tion and concentration as described for the absorption.
The pigment complement of the complexes was analyzed by
fitting the acetone extract spectrum with the spectra of the
individual pigments (31) and by high pressure liquid chroma-
tography analysis (32).
Time-resolved Spectroscopy—Light-induced absorbance
changeswererecordedatroomtemperaturewithahome-built
high sensitivity laser-based spectrophotometer as described in
reference 33. Samples were diluted to a Chl concentration of
about 2 g/ml in 10 mM HEPES, pH 7.5, and 0.03% -DDM;
anaerobicconditionswereobtainedincubatingthesamplewith
0.02 mg/ml glucose oxidase, 0.04 mg/ml catalase, and 0.02
mg/m glucose for 15 min. Samples were excited at 640 nm. For
a given wavelength, the kinetics of the absorbance change were
recorded with variable delay times between the actinic and the
detection light pulse ranging from 5 ns to 5 ms. The delay time
wasobtainedbysettingtheelectronictriggerforeachlaserlight
pulse, and it was determined with fast silicon detectors (Thor-
labs-Det210).Foreachkinetictraceasetofmeasurementswith
39 increasing delay times was performed. The time between
excitations was 300 ms. The kinetics were measured five to
seven times and averaged. The GraphPad PRISM program
(Graph-PadSoftware)wasusedforgloballyanalyzingthedecay
kinetics between 200 ns and 5 ms over the 420–570-nm wave-
length range. The rising of the signals was analyzed by fitting
the data from 7.5 to 200 ns with detecting light pulses spaced
every12.5nsinthetimerangefrom7.5to100ns.Thedatawere
fitted satisfactorily by a combination of a time-resolved (15
ns)andatime-unresolved(10ns)risingcomponent.Foreach
wavelength, the millisecond Chl triplet contribution, deter-
minedbythedecaykinetic,wastakenintoaccountasaconstant
amplitude for the analysis. To calculate the Chl to carotenoid
transfer efficiency, the area of the carotenoid peak (maximum
around510nm)andoftheChlnegativepeak(Chlsingletat430
nm) was used. For the ratio of the extinction coefficients, a
carotenoid/Chl a value of 1.93 was used. This value was calcu-
latedfromtheareasofthesingletspectraofChlandcarotenoid
MolecularBasisofPhotoprotectioninCP24
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Supplemental Material can be found at:(normalized to their extinction coefficients in ethanol) in the
420–450-nm and 465–540-nm ranges, respectively.
Time-correlatedsinglephotoncountingwasperformedwith
a home-built setup, as described previously (34). In brief, the
samples were diluted to an A475 of 0.1 cm
1 and stirred in a
3.5-ml cuvette with a path length of 1 cm at 10 °C. The excita-
tion was at magic angle with 475-nm pulses at a repetition rate
of 3.8 MHz. Pulse energies of sub-pJ were used with a pulse
durationof0.2psandaspotdiameterof1mm.Theinstrument
response function (60-ps full width at half-maximum) was
obtained with pinacyanol iodide in methanol, with a 6-ps fluo-
rescence lifetime (35). Detection was through a 530-nm long
pass and a 679-nm interference filter (Schott, Mainz, Ger-
many). Photons were detected by a microchannel plate photo-
multiplier, and arrival times were stored in 4096 channels of a
multichannelanalyzer;thechannelspacingwas2ps.Dataanal-
ysis was performed using home-built software (36). The fit
quality was evaluated from the 
2 and from plots of the
weighted residuals and the autocorrelation thereof.
StructuralModelofCP24—ThemodelofCP24wasobtained
using SWISS MODEL workspace (37) in Alignment model
(usingthealignmentinFig.1)withthestructureofLHCII(Pro-
tein Data Bank (PDB) code 1rwt) as template. The positions of
Chls and carotenoids are the same as in LHCII and have been
obtained upon aligning the apoprotein model structures of
CP24 and LHCII (PDB code 1rwt) in PyMOL.
RESULTS
Sequence alignment of CP24 with the other Lhcb proteins of
Arabidopsis (Fig. 1) shows that this protein retains most of the
Chl-binding residues present in LHCII with the exception of
the ligand for Chl 614 (nomenclature of LHCII from ref 12),
which is located in the amphipathic helix D, which is absent in
CP24.Moreover,theputativeligandforChl613isaGluandnot
a Gln as in all other Lhc complexes. CP24 has a His in the
position of the ligand for Chl 612, like CP29, but differently
from the other complexes where this residue is an Asn. The
putative ligand for Chl 606 is a Gln as in Lhcb1–3, whereas this
residueisaGluintheotherminorantennacomplexes,whereit
is still able to coordinate Chl (38–40).
MutationAnalysis:PigmentContent,Absorption,
Fluorescence,andCircularDichroism
All putative Chl ligands were mutated into apolar residues,
which cannot coordinate the central Mg of the Chl. The pro-
teins were reconstituted with pigments (41), and the refolded
complexes were purified from the excess of pigments and the
unfolded protein, which does not bind pigments (apoprotein).
This was done on the basis of a different migration in sucrose
gradientoftheholo-andapoproteinsandalsooftheirdifferent
interactions with the anionic exchange column, probably due
todifferentexposureofthecharges,whichledtoalongerreten-
tion time for the apoprotein (see supplemental Fig. S1). All
reconstituted complexes were in their monomeric state as
assessed by their mobility in sucrose gradient. Moreover, all
reconstituted mutants were eluted from the anionic column at
the same ionic concentration observed for the WT, thus indi-
cating a very similar folding (seesupplemental data for details).
In the following, the mutants are named after the Chl the puta-
tive ligand of which has been substituted (see Experimental
Procedures for the list of mutations).
CP24-WT—It is worth nothing that the reconstituted
CP24-WT is essentially identical to the native complex ex-
tracted from the membranes as was demonstrated previously
(see 18 for details). In addition, the recombinant complex can
be obtained in far higher amount than the native one and com-
FIGURE 1. Sequence alignment of predicted Lhcb proteins of Arabidopsis. In the figure, conserved features are highlighted: red, the N terminus (N-term);
violet,transmembranehelices;green,Chlbindingsites(nomenclaturefromreference12);blue,ArgresiduesinvolvedinionpairsbetweenhelicesBandA;and
yellow, the stromal loop.
MolecularBasisofPhotoprotectioninCP24
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Supplemental Material can be found at:pletely free from contaminations, thus representing an excel-
lent system for the study of the functional architecture of this
complex. The Chla/bratio of CP24-WT (Table 1) is the lowest
of all members of the Lhc family (see Table 1 in reference 42,
where Lhcb complexes were reconstituted in the same condi-
tions). Assuming a stoichiometry of 10 Chls/polypeptide (18),
this complex coordinates 5 Chls a and 5 Chls b. CP24-WT also
binds two xanthophyll molecules, one violaxanthin, and one
lutein.The77Kabsorptionspectrumofthecomplexischarac-
terized by the presence of several components as can be
assessed by second derivative analysis: two main Chl a forms
peak at 670.0 and 676.4 nm and four Chls b forms around 637
nm,644nm,650nm,and655nm(datanotshown).Usingthese
values as starting points, the room temperature absorption
spectrumofCP24wasfittedwiththespectraofChlaandChlb
in protein environment (43) (Fig. 2).
To determine the occupancy of the various binding sites, to
assign the absorption forms to individual pigments, and to
detect possible pigment-pigment interactions, the refolded
mutated complexes were studied by absorption, fluorescence,
and circular dichroism (CD) spectroscopy as well as pigment
analysis (Table 1). In the following, the biochemical and spec-
troscopicpropertiesofeachmutantarecompareddirectlywith
those of the WT.
Chl 610- and Chl 612-Mutants—The ratio violaxanthin/lu-
tein of both mutants (Table 1) is very high compared with the
WT,indicatingtheselectivelossoflutein.Normalizingthepig-
ments to the violaxanthin content, it can be calculated that Chl
610-mutant loses 1 Chl a, 1 Chl b, and 0.7 lutein and Chl 612-
mutant 1 Chl (mainly Chl a), and 0.6 lutein. These numbers
should be considered as lower limits because a small loss of
violaxanthincannotbeexcluded.Theseverelossofluteinindi-
cates that in the WT the L1 carotenoid binding site (Lut620 in
reference 12), which is in close proximity to Chls 610 and 612
(see Fig. 8), is occupied by lutein, whereas violaxanthin is
accommodated in site L2 (Lut621 in 12). It should be under-
lined that the mutations have a local effect on the structure of
the complexes as indicated by the analysis of the CD spectra
(Fig. 3C). The CD spectrum in the visible region has an exci-
tonic origin, and it is thus extremely sensitive to even small
changesintheorganizationofthepigments.TheCDspectraof
both mutants are identical to that of the WT but for a specific
feature in the red region of the spectrum, which is due to the
direct effect of the mutations (see below).
The absorption spectra of the mutants at 77 K are presented
inFig.3AtogetherwiththespectrumoftheWT.Aclearlossof
signalat495nmisvisibleinbothmutantsduetotheabsenceof
absorptionofluteininL1.Thecharacteristicsofabsorptionand
CD spectra of Chl 612-mutant (Fig. 3C) are identical to what
was reported previously (44), confirming the presence of a
strong interaction between Chls 611 and 612, which is respon-
sible for the 670/680 nm bands.
The absorption difference spectrum of WT minus Chl 610-
mutant (Fig. 3B) shows a number of bands in the Chl a and Chl
b absorption region, suggesting that the mutation affects the
absorption of several Chls. Likely, the partial absence of lutein
in L1 influences Chl 612, leading to a change in its interaction
with Chl 611. This is supported by the CD spectrum (Fig. 3C),
where a loss of signal at 682 and 670 nm is visible, but it is less
intensethaninChl612-mutant,indicatingthatonlypartofthe
complexes has lost the interaction. A rough estimate of the
absorption of the two Chls lost in the Chl 610-mutant can thus
be obtained by subtracting the difference spectrum of Chl 612-
mutantfromthatofChl610-mutant,afternormalizationinthe
red (not shown). Two bands appear at 670 and 650 nm, which
should represent the absorption of Chl 610 and (most likely)
that of Chl 608, which in LHCII is located in close proximity to
Chl610(12).Analysisofthefluorescenceemissionspectrasup-
ports this assignment. The emission of Chl 612-mutant is 2 nm
FIGURE 2. Description of the absorption spectrum of CP24 in terms of
individualchlorophylls.Thespectrumcanbedescribedsatisfactorilyusing
3Chlband4Chlaforms,withmaxima,respectively,at638.5(withamplitude
correspondingto0.8Chls),645.5(1.8),and653.5nm(2.0)fortheChlsbandat
663 (0.4), 670 (1.6), 675.5 (2.1), and 681 nm (1.4) for Chls a.
TABLE1
Pigment composition
ThevaluesarenormalizedtotheproposedtotalnumberofChlsreportedinthelastcolumn.Themaximalstandarddeviationis0.1.V,violaxanthin;L,lutein;Z,zeaxanthin;
Tot Cars, total carotenoids; Tot Chls, total chlorophylls.
Sample Chl a/b Chl/Car V L Z Chl a Chl b V/L Tot Cars Tot Chls
CP24-WT 1.08 5.0 1.0 1.0 5.0 5.0 1.0 2.0 10
CP24-L 1.06 5.2 1.9 5.1 4.9 1.9 10
CP24-LZ 1.05 5.6 1.0 0.8 5.1 4.9 1.8 10
Chl 610-mutant 1.06 6.5 0.9 0.3 4.1 3.9 3.0 1.2 8
Chl 612-mutant 0.94 5.9 1.0 0.4 4.3 4.7 2.5 1.4 9
Chl 613-mutant 1.02 5.0 1.0 1.0 5.1 4.9 1.0 2.0 10
Chl 602-mutant Unstable
Chl 603-mutant 3.85 5.5 0.4 0.5 4.0 1.0 0.8 0.9 5
Chl 606-mutant 2.04 4.3 0.6 1.0 4.7 2.3 0.6 1.6 7
Chl 609-mutant 1.68 4.2 0.6 1.0 4.4 2.6 0.6 1.6 7
MolecularBasisofPhotoprotectioninCP24
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Supplemental Material can be found at:blue-shifted compared with that of the WT, indicating that
Chls 611/612 represent the lowest energy state of the complex.
Instead, the emission of Chl 610-mutant is only 0.5 nm blue-
shifted (Fig. 3D) in agreement with a partial loss of the 612/611
interactionandwiththefactthatChl610doesnotcontributeto
the low energy state in this complex.
Chl 613-Mutant—The mutant at the putative ligand of Chl
613 has the same pigment composition as the WT (Table 1).
The shape of the absorption spectrum of the mutant is also
identicaltothatoftheWTaswellastheCDspectrum(datanot
shown).Thisindicatesthatthemutationdoesnotinducelossof
Chl and does not influence the structure of the complex, lead-
ingtotheconclusionthatGlu
205isnotaChlligandinCP24and
suggesting that Chl 613 is not present in this complex.
Chl 606- and 609-Mutants—Both of these mutations
stronglyaffectthefoldingand/orstabilityoftheproteinasindi-
cated by the fact that only a small amount of refolded com-
plexes could be obtained. Both mutated complexes show a
higher Chl a/b ratio compared with the WT, indicating the
preferential loss of Chl b. The violaxanthin/lutein ratio is
decreased,suggestingthespecificlossofviolaxanthin,inagree-
mentwithitslocationintheL2site(Table1).Normalizationto
the lutein content gives for both mutants a stoichiometry of 7
Chls/polypeptide,whichshouldbeconsideredtheuppervalue.
Of the three Chls lost, 2.2–2.5 are Chls b and 0.5–0.8 Chls a.
The room temperature absorption spectra show strong reduc-
tion in both Chl a and Chl b regions in the mutants (Fig. 4A).
The difference spectrum also shows a contribution at 499 nm,
which can be assigned to violaxanthin in the L2 site.
InLHCII,thedomaininbetweenthehelicesBandCischar-
acterized by the presence of an extended network of H-bonds
which stabilize the binding of Chls b in several sites (12). Thus,
themutationsdonotonlyinfluencethebindingofoneChl,but
alsothebindingofneighboringChlscoordinatedbywatermol-
eculesthatparticipatetotheH-bondsnetwork(39).Thelossof
severalchromophoresinthemutantssuggeststhatalsoinCP24
the Chls located in this region are strongly interconnected.
Moreover, the absorption difference spectra (Fig. 4B) strongly
resemble those of the same mutants of LHCII (see Fig. 9 in ref.
39) and the ratio of the Chl a/Chl b bands is higher than
expected based on the pigment stoichiometry. This is a signa-
ture of Chl b-Chl a excitonic interactions, in which dipole
strengthredistributionisfavoringtheChlaabsorption,asisthe
case in LHCII (45). The data strongly suggest that in CP24 the
domainbetweenhelicesBandChasanorganizationthatisvery
similar to that of LHCII.
Chl 602- and 603-Mutants—Upon mutation of the putative
ligand of Chl 602, no refolded protein could be obtained. This
FIGURE 3. Spectroscopic characterization of Chl 610- and Chl 612-mutants. A, C, and D, the spectrum of the WT is also shown. A, absorption (Abs) spectra
at77KnormalizedtotheChlcontent.B,differenceabsorptionspectraWTminusmutant.C,CDspectraandD,fluorescenceemissionspectrauponexcitation
at 500 nm.
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62isessentialforthestabilizationofthecom-
plex,differentlyfromtheotherrelatedantennacomplexes(38–
40). Mutation of the ligand of Chl 603 also results in a strongly
destabilized complex, as could be assessed by the low reconsti-
tution yield. The Chl a/b ratio of the mutant is very high, sug-
gesting the loss of 5 Chl molecules, of which 4 are Chl b (Table
1). This indicates that the mutation had an influence on a large
part of the complex. Indeed, looking at the structure of LHCII,
it is observed that the His coordinating Chl 603 is also involved
inH-bondingwithChlb609,whichtakespartinthenetworkof
H-bondsconnectingseveralChlsinthehelicesBandCdomain.
Apparently, the absence of the His leads to a destabilization of
the entire H-bond network and to the loss of most of the Chls
involved. In agreement with the pigment analysis, the room
temperature absorption spectrum shows a strong reduction of
the650nmChlbbandandalossofintensityintheChlaregion
around 676 nm (Fig. 4).
CP24 with Different Carotenoid Composition—Comparison
of the pigment content of CP24 with that of the other Lhcb
complexesrevealsthatCP24coordinatesthehighestamountof
violaxanthin/monomer, namely 1 molecule/complex. De-ep-
oxidation experiments in vitro (19) and in vivo (17, 46) have
indicated that the violaxanthin associated with CP24 is de-ep-
oxidized to zeaxanthin, thus suggesting a role for CP24 in the
zeaxanthin-dependent quenching.
To obtain molecular details about the role of each xantho-
phyllassociatedwithCP24,thecomplexwasreconstitutedwith
a mixture of lutein/zeaxanthin or only lutein. In both cases, a
stable complex was obtained. Pigment analysis shows that
CP24-L coordinates 2 luteins/polypeptide, and CP24-LZ one
luteinandonezeaxanthin(Table1),suggestingthatzeaxanthin
has substituted for violaxanthin in the L2 site.
The 77 K absorption spectra of CP24-LZ, CP24-L, and
CP24-WT (Fig. 5A) are practically identical in the blue region,
demonstrating that the spectra of zeaxanthin, lutein, and vio-
laxanthinintheL2siteofCP24areverysimilar.Thisisremark-
able considering that the difference in wavelength between the
absorption maxima in organic solvent is 8 nm for lutein and
zeaxanthin and 12 nm for violaxanthin and zeaxanthin (47). In
the Qy region, CP24-L and CP24-LZ have identical spectra,
whereasthespectrumofCP24-WTisblue-shifted,suggestinga
change in the environment of some of the Chls (48). This
hypothesisissupportedbytheCDspectra(Fig.5B),whichshow
differences in the Chl a Qy band and in the carotenoid absorp-
FIGURE 4. Absorption spectra of CP24-WT and Chl 603-, 606-, and 609-
mutants.A,absorption(Abs)spectraatroomtemperaturenormalizedtothe
maximum in the Qy region. B, difference absorption spectra WT minus
mutants upon normalization to the Chl content.
FIGURE 5. Spectroscopic properties of CP24 with different carotenoid
composition.Solidlines,CP24-WT;dashedlines,CP24-L;dottedlines,CP24-LZ.
A, absorption (Abs) spectra at 77 K. B, CD spectra.
MolecularBasisofPhotoprotectioninCP24
OCTOBER 23, 2009•VOLUME 284•NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29541
 
a
t
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
G
r
o
n
i
n
g
e
n
,
 
o
n
 
F
e
b
r
u
a
r
y
 
2
,
 
2
0
1
0
w
w
w
.
j
b
c
.
o
r
g
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
http://www.jbc.org/content/suppl/2009/08/21/M109.036376.DC1.html
Supplemental Material can be found at:tionregionaround500nm,suggestingchangesinxanthophyll-
Chl a interactions.
FunctionalMeasurements:LightHarvestingand
Photoprotection
Carotenoids are involved in several photoprotective mecha-
nisms: on one side they are able to quench Chl triplets, thus
avoiding the formation of singlet
oxygen (49); on the other side it has
been proposed that they are
involved in the quenching of Chl
singlet excitations under high light
conditions (6, 7). To test the role of
the xanthophylls associated with
CP24 in these two processes, time-
resolved measurements were per-
formed detecting changes in
absorption, in the microsecond to
millisecond range, and in fluores-
cence, in the picosecond to nano-
second range. To discriminate
between the carotenoid binding
sites, we have analyzed the mutants
thatarepartiallylackingluteininL1
(Chls 612- and 610-mutants) and
the complexes with different L2
occupancy (CP24-L, CP24-LZ) and
made a comparison with the WT
complex.
Triplet-minus-Singlet Measure-
ments (TmS)—TmS measurements
were performed at room tempera-
ture in the presence (see supple-
mentalFig.S2)andintheabsenceof
oxygen (Figs. 6 and 7).
Inanaerobiosisthedecaykineticof
theWTcouldbefittedwithtwoexpo-
nentials: a fast one with a lifetime of 8
s, associated with the decay of the
carotenoid triplets and a slow one in
the millisecond range, corresponding
to the spectrum of Chl triplets show-
ingthecontributionofbothChlaand
Chl b (Fig. 6A). The maximum of the
carotenoid triplet spectrum is at 510
nm, 3 nm red-shifted compared with
the maxima obtained for both CP29
and CP26, indicating that the triplet
transitionsofthecarotenoidsinCP24
areatsomewhatlowerenergythanin
the other Lhcb monomeric com-
plexes (50). The triplet transfer from
Chls to carotenoids is around 70%
(see Experimental Procedures), thus
far lower than in the case of the other
antenna complexes where it was
90–95% (50, 51), indicating the pres-
ence of a larger amount of unpro-
tected Chls. This can partly be explained by the lower stability of
CP24,whichleadstothepresenceofapoolofunconnectedChlsin
the preparation. However, as judged from the fluorescence emis-
sion measurements (data not shown), the pool of Chls that do not
participatetotheenergytransferprocessislowerthan5%andcan
thus not fully account for the 30% of Chl triplets observed in the
sample.
FIGURE 6. TmS spectra of CP24 complexes in anaerobic conditions obtained by analysis of the decay
kinetics. The spectral components were determined by global fitting of the kinetics in the 200-ns to 5-ms
range. A, CP24-WT; B, Chl 612-mutant; C, CP24-L; D, CP24-LZ. Abs, absorption.
FIGURE 7. TmS spectra of CP24 complexes in anaerobic conditions obtained by analysis of the rising
kinetics. The spectral components were determined by global fitting of the kinetics in the 7.5 ns to 200 ns
range.AdditionalChltripletcontributionsarenotshown.A,CP24-WT;B,Chl612-mutant;C,CP24-L;D,CP24-LZ.
Abs, absorption.
MolecularBasisofPhotoprotectioninCP24
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twocomponents:acarotenoidtripletdecayingwithatimecon-
stantof8.9sandtheChltripletsdecayingonmillisecondtime
scale (Fig. 6B). The shape of the carotenoid component is very
similartothatoftheWT,despitethelossofhalfoftheluteinin
site L1 for the mutant. This suggests that the triplet spectra of
violaxanthin-L2 and lutein-L1 are very similar. The triplet
transfer efficiency drops below 50%, indicating that a higher
numberofChlsisunprotectedinthiscomplex.Thiswasindeed
expected considering that more than half of the ensemble is
composed of complexes lacking lutein in the L1 site. In confir-
mation of this, the Chl triplet spectrum shows a higher contri-
bution of Chls a (more intense bleaching at 430 nm) compared
withthespectrumoftheWT.Indeed,theluteinintheL1siteis
located close to Chls a, which are not able to transfer triplets in
the part of the ensemble that is lacking this xanthophyll.
Two components with lifetimes similar to those in WT can
be observed in CP24-L and in CP24-LZ (Fig. 6, C and D). The
spectra of the carotenoid triplet are broader and red-shifted
(the maximum of CP24-LZ is at 515 nm) compared with the
WT, signifying that all xanthophylls in the L2 site are active in
photoprotection. The triplet transfer efficiency in CP24-LZ is
identical to that of the WT, whereas it is slightly lower (around
60%) for CP24-L. This indicates that the substitution violaxan-
thin/zeaxanthin does not perturb the structure, at variance
with LHCII, where it does lead to a significant perturbation
(50).
To obtain information about the Chl-to-carotenoid triplet
transfer, the rise kinetics of the TmS measurements were ana-
lyzed (Fig. 7). In all cases two components (plus an additional
component representing the Chl triplets) were necessary to
describe the kinetics satisfactorily. In all samples, the fast com-
ponent has a lifetime shorter than 10 ns (because of the time
resolution of the instrument, we cannot confidently assign a
specific value to the lifetime in this time range). In the WT, the
slowtransferoccurswithalifetimeofaround70ns.Thespectra
ofthetwocomponentsareverysimilarinthecarotenoidtriplet
region, but in the Chl singlet region the spectrum associated
with the fast component shows mainly bleaching at 430 nm,
which is attributed to Chl a, whereas bleaching in both Chl a
and Chl b region is observed in the spectrum of the slow com-
ponent (Fig. 7A). The amplitude of the two components is also
markedly different, with 80% of the carotenoid spectrum rising
in less than 10 ns and only 20% in 70 ns. The analysis of the
Chl612-mutant(Fig.7B)givessimilarresults:twocomponents
with similar spectra were detected, but the intensity of the fast
component was decreased compared with the WT. This sug-
gests that the fast component is associated mainly with
lutein-L1 and the slow component with violaxanthin-L2 and
that lutein is in close contact with Chl a molecules, whereas
bothChlsaandChlsbareinclosecontactwithviolaxanthinin
L2, in agreement with the results of the mutation analysis.
InthecaseofCP24-LandCP24-LZ,stilltwocomponentsare
visible (Fig. 7, C and D), but the difference in lifetimes between
them is small with the second component being as fast as 20
ns. This gives some degree of uncertainty to both the spectra
and the lifetimes. However, in both samples, the slow compo-
nent is red-shifted compared with the slow component of the
WT(to515nminCP24-Landto520nminCP24-LZ),suggest-
ing that it is associated with lutein or zeaxanthin, which have
substituted for violaxanthin in the L2 site, in agreement with
the previous assignment.
Time-resolved Fluorescence—The fluorescence kinetic de-
cays of CP24-WT and mutants were measured upon excita-
tion at 475 nm and detection at 680 nm. The choice of excita-
tion/emission wavelengths was made to limit the effect of the
presence of disconnected Chls: Chl a is not excited at 475 nm,
and Chl b is hardly detected at 680 nm, so only the lifetimes of
complexes in which a Chl b to Chl a transfer takes place are
measured.
CP24-WT was fitted to a sum of three exponential decays,
anditshowsanaveragelifetimeof2.7ns(Table2).Thisvalueis
halfofthevalueofChlainsolution(6ns),thusindicatingthat
thecomplexisinapartiallyquenchedstate(50%ofthefluores-
cence yield). This effect, although less strong, has been
observed previously on other antenna complexes (52–55), and
it has been suggested to be due to mixing of the excited state of
Chlsandcarotenoids,whichopensadissipationchannelviathe
short lived carotenoid S1 state (45, 56).
To test this hypothesis, we have analyzed the Chl-mutants
that lose lutein from the L1 site and the complexes recon-
stituted with lutein and lutein/zeaxanthin, where the substitution
takes place in L2. The decay curves of all complexes were fitted
to a sum of three exponential decays. Mutants for Chl 610 and
612 (Table 2) show a decrease in excited-state lifetime, respec-
tively, of 6 and 11% compared with the WT, indicating that
neither the Chls lost by mutation nor the lutein in the L1 site is
responsible for the observed short lifetime of CP24 in solution.
CP24-L and CP24-LZ have lifetimes that are, respectively, 20
and 33% shorter than that of the WT. This result clearly indi-
catesthatbothluteinandzeaxanthininduceacertaindegreeof
quenching in solution when located in the L2 site of CP24.
DISCUSSION
CP24VersustheOtherMembersoftheLhcbFamily
Structural Implications—The results of the mutation analy-
sis indicate a slightly different folding of CP24 compared with
theotherLhcbcomplexes(38–40):(i)mutationstargetingres-
iduesinthehelicesBorCstronglyaffectthestabilityofCP24,as
could be assessed by the low reconstitution yield of most of
these mutants, whereas the same mutations were yielding rela-
tivelystablecomplexesforallotherLhcbs;(ii)incontrasttothe
otherLhcbs,themutantlackingtheligandforChl610yieldeda
stable reconstituted complex, whereas the one lacking the
TABLE2
Chlorophyll fluorescence decay analysis of CP24 complexes
, lifetime; A, relative amplitude; , amplitude average lifetime.
Sample 1 A1 2 A2 3 A3 <>
ns ns ns Ns
CP24-WT 0.24 0.11 2.22 0.50 3.80
a 0.40 2.65
CP24-L 0.29 0.10 1.42 0.41 3.10 0.50 2.14
CP24-LZ 0.33 0.11 1.44 0.53 2.81 0.36 1.81
Chl 610-mutant 0.16 0.20 1.73 0.32 3.81 0.48 2.43
Chl 612-mutant 0.20 0.16 1.95 0.47 3.64 0.37 2.29
a This value has been fixed because of the relatively short time window of the meas-
urement which led to an unrealistic long component; however, the average life-
time did not change.
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Supplemental Material can be found at:ligand for Chl 603 could not. Both of these ligands are Glu and
inLHCIItheyarealsoformingionicbridgeswithArglocatedin
the opposite helix, contributing to the stability of the complex
(57).TheresultsindicatethatinCP24theionicbridgebetween
Glu
62 and Arg
193 is important for the stability and not the one
formed by Glu
188 and Arg
67, as is the case of the other Lhcbs.
(iii) A stable CP24 complex with the L1 carotenoid binding site
empty could be obtained (Chl 610- and 612-mutants), whereas
the occupancy of this site was necessary for the stability of all
other Lhcbs. It can be concluded that the stability of CP24 is
determined by the helices B-C domain and not, as for the other
Lhcs, by the one around the L1 carotenoid binding site.
Pigment Binding and Site Occupancy—Comparison of the
pigment composition of CP24 with that of the other Lhcbs
reconstituted under the same conditions (42) shows that CP24
is the complex with the lowest Chl a/b ratio. Our results reveal
that this difference is due to two effects: (i) the absence of Chl
613 and 614 binding sites, which in LHCII and in the other
antenna complexes have a preferential affinity for Chls a; (ii)
thepresenceofGlnasaligandforChl606,whichleadstoahigh
Chl b occupancy in the helix C domain. In LHCII, this residue
forms H-bonds with the formyl groups of Chls b 607 and 609,
thus favoring the binding of Chl b in these two sites (12),
whereas in the Lhc antennas in which this Gln is substituted by
Glu, site 609 can be occupied by both Chl a and Chl b (38, 39).
Inagreement,ourresultsshowthatinCP24,likeinLHCII,sites
609 and 606 are occupied by Chl b.
Considering that Chls 601 and 605 are not present even in
recombinant LHCII, it can be concluded that the 10 Chls coor-
dinatedtorecombinantCP24correspondtosites602–604and
606–612 in LHCII, with Chls a accommodated at sites 610,
611, 612, and likely 602 and 603, and Chls b at all other sites.
CP24-WT also binds lutein in the L1 site and violaxanthin in
the L2 site, with lutein-L1 absorbing at 496 nm and violaxan-
thin-L2 at 499 nm. It can be noted that in CP24 the L2 site
induces a larger red shift of the xanthophyll absorption than in
the other monomeric Lhcb complexes (30, 31, 58).
The data indicate that the absorption bands at 680 and 670
nmareassociatedwithChls610,611,and612,withthestrongly
interacting611/612pairrepresentingthelowestenergystateof
the system. According to the fitting (Fig. 1), two more Chls a
absorb around 675 nm, and, although we could not obtain a
clear answer from the analysis of the mutants, they are tenta-
tively associated with Chls 602 and 603, which absorb at these
wavelengths in LHCII (39).
AsummaryoftheresultsispresentedinFig.8integratedina
structural model of CP24 obtained using the sequence of CP24
andthestructureofLHCIIastemplate.Themodelalsoshowsa
long stromal loop, which is peculiar for CP24 and can be
involved in interactions with other subunits.
RoleofIndividualPigmentsinLightHarvestingand
Photoprotection
The average excited-state lifetime of CP24 WT is 2.7 ns,
whereasitis6nsforChlsainsolution.Ashorterlifetimethan
Chl in solution was observed also for other antenna complexes
(52–55), indicating that the Chls in protein environment are
partially quenched. It was proposed that strong interactions
between Chls and carotenoids, which can act as a fast decay
channel, are responsible for the observed quenching (45, 56).
AnalysisoftheCP24mutantsallowsustocheckfortheinvolve-
ment in this process of the xanthophylls in sites L1 and L2. The
absence of lutein in L1 does not change the amount of quench-
ing; therefore, this xanthophyll is not responsible for the
quenchingofCP24insolution.Incontrast,theshorterlifetime,
compared with that of the WT, of mutants of Chl 610 and 612,
which in addition to lutein also lose Chls, is in agreement with
thepresenceofaquenchingsitelocatedinadifferentdomainof
the complex. Indeed, Boltzmann distribution calculations in
CP24-WT, using the spectral forms and the site energies
obtained from the fitting in Fig. 2, indicate that at equilibrium
60% of the energy is located in the domain formed by Chls
610/611/612. The removal of these Chls (as in the mutants)
changes the Boltzmann energy distribution in the complex,
increasing the probability of populating the quencher and thus
leading to a shortening of the lifetime.
In addition, the data show that the lifetime of the complex
can be modulated by the occupancy of site L2 by different xan-
thophylls, thus suggesting a central role for this site in the
quenching in solution. In principle, in the L2 site the xantho-
phyll can act in two ways: (i) as direct quencher, via a strong
interaction with a neighboring Chl or (ii) indirectly, inducing a
conformational change in the complex which creates a
quencher located in a different protein domain. The TmS
measurements represent a tool to discriminate between these
two possibilities. The triplet transfer is very sensitive to even
small changes in the organization of the pigments because the
transfer rate depends exponentially on the distance between
donorandacceptor(59).IntheWTcomplex,twoChltocarot-
enoidtriplettransfercomponentsweredetected:afasttransfer
(lessthan10ns)towardlutein-L1andaslowone(around70ns)
toward violaxanthin-L2. Upon substitution of violaxanthin
FIGURE8.StructuralmodelofCP24.ThemodelwasobtainedinSwissModel
Workspace using the sequence of CP24 and the structure of LHCII (PDB code
1rwt) as template. The position of the Chls is that of LHCII (as well as the
nomenclature),butonlytheChlspresentinCP24(thiswork)areshown.Chla,
blue; Chl b, green; lutein in L1, orange; violaxanthin in L2, yellow. The long
stromalloopisnotpresentinthetemplateandcannotbemodeledcorrectly.
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Supplemental Material can be found at:with lutein or zeaxanthin, the second transfer component
becomesfaster(around20ns).ThetripletspectrumoftheChls
isbroadandflat,andthethreexanthophyllshavesimilarenergy
when bound to the L2 site of CP24 (see above), suggesting that
the overlap integral between Chls and violaxanthin, lutein, or
zeaxanthin is very similar. The increase in transfer rate, in the
presence of zeaxanthin and lutein, is thus mainly due to a
decrease in the distance between Chls and carotenoid L2. This
also implies that lutein or zeaxanthin in the L2 site interacts
strongerwithneighboringChlsthanviolaxanthin,thuspossibly
creating a dissipative channel. This can occur via a strong exci-
tonicinteractionbetweenthetwochromophores(45)orviathe
formationofacarotenoidradicalcation(7).Althoughthepres-
enceofazeaxanthinradicalcationhasbeendetectedinCP24in
solution, it occurs only in 1% of the population (7), and it thus
cannot explain the observed decrease of 30% of the excited-
statelifetime.Itshouldbeconcludedthatinsolution,themajor
quenching mechanism involves a strong interaction between
zeaxanthinorluteinandaneighboringChl,whichcreatesafast
dissipation channel likely via the short living S1 state of the
xanthophylls. This implies that one of the Chls located in close
proximitytothexanthophyllinL2isinvolvedinthequenching.
Unfortunately, none of the mutants targeting Chls close to the
L2 site was stable enough to allow fluorescence time-resolved
measurements. However, in CP26 the absence of Chl 603
inducesalargeincreaseofthefluorescenceyieldofthecomplex
(40). Considering that Chl 603 is located in close contact with
the carotenoid in L2, it is likely that it is responsible for the
quenching also in CP24. In addition, in CP29, the absence of
Chl 603 abolishes the formation of the zeaxanthin radical cat-
ion (7). Taken together, the data suggest that, in the minor
antenna complexes, a strong interaction between Chl 603 and
the carotenoid in L2 is present when this site is occupied by
lutein or zeaxanthin, which can also lead to the formation of a
radical cation, although the latter does not represent the main-
stream of the decay in solution. Although the amount of
quenchingobservedinsolutionisnotsufficienttoexplainNPQ
in vivo fully (60), it is possible that in vivo, where other factors
(e.g. PsbS, pH, protein-protein interactions) come into play
(53, 61), the observed effect caused by the presence of zeaxan-
thinintheL2siteisenhanced,leadingtoastrongerquenching,
as suggested previously (23).
In vivo fluorescence induction measurements showed that
the Arabidopsis double mutant lacking CP24 and CP26 has a
NPQ rise kinetic slower than the WT (21). This was attributed
to the absence of zeaxanthin-binding proteins, thus suggesting
that CP24 is involved in the zeaxanthin-dependent quenching.
TmSdatasupporttheideathatthebindingofzeaxanthintothe
L2 site of CP24 is functional. Different from LHCII, in which
the binding of zeaxanthin in the internal sites leads to a desta-
bilization of the complex (30) and to a strong decrease of the
triplet quenching efficiency (50), in CP24 the presence of zea-
xanthin in the L2 site does not destabilize the complex and
ensure a triplet quenching identical to the WT. This supports
the idea of a different role of CP24 and LHCII in vivo, where
CP24,butnotLHCII,isexpectedtobeabletoexchangeviolax-
anthin for zeaxanthin in the L2 site during the activity of the
xanthophyllcycle(62),thusparticipatingtothezeaxanthin-de-
pendent quenching (63).
CONCLUSIONS
Previous in vivo and in vitro work has suggested that CP24 is
involvedintheNPQprocess,anditcontainsoneofthepossible
quenching sites. In this work we have searched for the quench-
ing site integrating mutation analysis with time-resolved spec-
troscopy.Theoccupancyoftheindividualbindingsitesandthe
spectroscopic properties of each chromophore in each binding
site were revealed. The lowest energy state of the complex is
constituted by Chls 611/612, and it is not responsible for the
lowfluorescenceyieldofthecomplexinsolution.Also,luteinin
theL1siteisnotinvolvedinthequenchinginsolution.Thedata
indicate that in CP24 the occupancy of the L2 carotenoid bind-
ingsitemodulatesthefunctionoftheprotein,allowingthecon-
version of the complex from a light-harvesting to a dissipative
state. In normal conditions, CP24 binds violaxanthin in the L2
site, but this xanthophyll can be exchanged for zeaxanthin in
stress conditions. Zeaxanthin in this site is located closer to
Chlsthanviolaxanthin,suggestingthatitmightbeinvolvedina
strong interaction with a Chl, creating a dissipative channel.
This mechanism, which we have observed in vitro, is in agree-
ment with very recent results obtained upon in vivo measure-
ments, which suggest that the quenching is due to a Chl-zea-
xanthin interaction (64).
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